A product study has been made of the y-radiolysis of aqueous methane solutions that also contained nitrous oxide and oxygen. Formaldehyde (G = 2.8), hydrogen peroxide (G = 2.1), methanol (G = 1.5), methylhydroperoxide (G = 0.8), formic acid (G = 0.3), and dimethylperoxide (G = 0.1) were found. In alkaline solutions (pH 8, 10-3 M phosphate buffer), the formal dehyde yield rises to G = 3.2, while the formic acid yield falls to almost zero (G = 0.05). The initial precursor of the carbon-containing products is the methylperoxyl radical. The methyl peroxyl radicals decay through a short-lived tetroxide along various pathways. The most promi nent one leads to formaldehyde, methanol and oxygen. Methoxyl radicals (and oxygen) are also formed and, after rearrangement into hydroxymethyl radicals and their conversion into hydroxymethylperoxyl radicals, eventually yield formic acid and probably further formaldehyde. A route to formaldehyd and hydrogen peroxide is also envisaged. Methylhydroperoxide is formed in the reaction of methylperoxyl radicals with H 0 2 / 0 27 radicals (from radiolytic H atoms and the unimolecular decay of the hydroxymethylperoxyl radical).
Introduction
In the presence of oxygen, carbon-centered radi cals are readily converted into the corresponding peroxyl radicals. In systems where it has been possi ble to measure the rate of this reaction it has been found to be close to diffusion-controlled (k ~ 2 x l0 9 M^s '1) (e.g. Ref. [1] ). Thus, because of the omnipresence of oxygen, peroxyl radicals will play a more important role in non-artificial systems than the alkyl radicals themselves. The reactions of the prototype, CH30 2, have therefore been studied in some detail in the gas phase [2-4, and references cited therein]. Much less, however, is known about its behaviour in solution [5] [6] [7] .
To study the reactions of methyl peroxyl radicals in aqueous solution, radiation techniques can be ad vantageously used. The y-radiolysis of aqueous solu tions yields as reactive intermediates OH radicals, solvated electrons (eaq-) and H atoms (reaction (1)). In the presence of N20 the solvated electrons yield further OH radicals (reaction (2)). The OH radicals can be converted into methyl radicals either by re acting them with methane (reaction (3); k3 = 1.2x 108 M_1s_1) [8] , or with dimethylsulfoxide (reaction (4); k4 = 7 x l0 9 M-1s-1) [9] . 
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In solutions that contain methane, N20 and oxy gen (> 2x IO-4 M), the methyl radicals are converted into methylperoxyl radicals (reaction (5)) while the H atoms (from reaction (1) ) which show only a low reactivity towards methane (k < 105 M-1s_1 [10]) are largely scavenged by oxygen (reaction (6); k6 = 2xlO i0 M -1s-1 [11] ). The H 0 2 radical is in equilib rium with its unprotonated form (pK = 4.7 [12] ).
For many purposes the methane method to gener ate methyl radicals is not advisable because of the low solubility of methane in water [13] , and the di methylsulfoxide method might be of advantage. However, in a product study such as undertaken in this work, dimethylsulfoxide, methylsulfinic acid and other radiation products interfere with the analysis of the products. Thus, the methane method was used, but in order to prevent the products from being at tacked by the OH radicals, larger substrate concen trations were employed by using methane at an ele vated pressure. Since the earlier work on methane radiolysis in aqueous solutions, there has been an improvement of the analytical techniques, as well as a considerable progress in the general knowledge of peroxyl radical chemistry. This allows to give now a more complete picture of the products and, to some extent, of the mechanistic aspects of methylperoxyl radical chemistry.
Results and Discussion
In the radiolysis of N20 / 0 2-containing aqueous so lutions of methane (for conditions see Experimental) the major products are formaldehyde, methanol, hydrogen peroxide and methylhydroperoxide. Some formic acid and dimethylperoxide are also formed. The yield of these products increases lineraly with dose up to 500 Gy and only at higher doses devia tions from linearity have been observed. From such dose-yield plots G values have been calculated. They are shown in Table I . Under the given conditions G(OH) = 5.3 is to be expected [14] , In reactions (3) and (5) these OH radicals are converted into methyl peroxyl radicals. The carbon atom balance (G(carbon atoms in products) = 5.6, cf. Table I) indicates that chain reactions are insignificant. In particular, the reaction CH30 2 +C H 4 -> CH3OOH + CH3 is un able to compete effectively with the self-reaction of the methylperoxyl radical (cf. [15] ). Because of the formation of some H atoms in reaction (1) (G(H ) = 0.55) H 0 2 / 0 2t radicals from reaction (6) and from other sources (see below) also contribute to some extent to the product spectrum.
The primary peroxyl radical, CH30 2 , can partici pate only in bimolecular processes and reactions (7) -(10) must be taken into consideration. A tetroxide is usually assumed to be a short lived intermedi ate. Reactions (7) - (9) are well-documented for the vapour phase [2] [3] [4] [5] . Reactions of this type are also recognized 2 CH30 2 -» CH20 + CH3O H + 0 2 (7)
in liquid systems [16] [17] [18] . Even though no reference seems to have been made regarding the importance of reaction (10) in the gas phase, there are cases where an analogous reaction is of major importance in the liquid phase [18] [19] [20] . Accordingly, reaction (10) must also be considered a possibility in the pre sent system. All the products observed except formic acid and methylhydroperoxide can be accounted for qualita tively (though not quantitatively) in terms of the foregoing reactions. Formic acid presupposes a pre cursor more highly oxidised than the methyl peroxyl radical, while for the formation of methylhydro peroxide a hydrogen donor is required.
Rearrangement o f the m ethoxyl radical; h ydroxy m ethylperoxyl radical as precursors o f fo rm ic acid
The rearrangement of primary and secondary alkoxyl radicals in aqueous medium is a well-known process [21 -23] .
CH3O^C H 2OH
(11)
Reaction (11) has been observed in the UV (185 nm) photolysis of dimethyl ether in oxygen-free aqueous solution [23] , where it competes with the hydrogen abstraction reaction CH30 +C H 3O CH3 -* CH3O H + CH2OCH3. Assuming for this reaction a rate constant of approximately 3 x l0 5 M_1s_1 (cf.
[24]); kn ~ 5 x l0 5 s-1 may be estimated from the data in Ref. [23] . Because the rate constant of hydro gen abstraction by methoxyl from methane will be lower than the above value, this reaction cannot ef fectively compete with reaction (1 1 ) in the system under study. In the presence of oxygen the hydroxymethyl radicals are readily converted into the corresponding peroxyl radicals (reaction ( 12)); k12 = 4 .9 x l0 9 M-1s-1 [1] ).
The reactions of hydroxymethyl peroxyl radicals have already been investigated in some detail (for a review see Ref. [25] ). They are known to decompose unimolecularly (reaction (13) 10 s J) and to undergo an O H _-induced 0 2T elimination (reaction (14); k14 = 1 .5 X 1 0 10 M-1s_1). In competition with these two processes which are kinetically of first order in peroxyl radicals the hydroxymethylperoxyl radicals undergo a bimolecular decay with two main routes, reaction (15) Nothing is known about the decay of the primary methylperoxyl radicals with the hydroxymethylperoxyl radicals, but one should formulate reactions (17)- (20), two of which would lead to formic acid (reactions (18) and (20)). The rate of H 0 2 / 0 2" elimi nation of the hydroxymethylperoxyl radical is speeded up by buffer which acts similarly to the hy droxide ion (cf. reaction (14)). In the pH 8 buffered experiments, hardly any formic acid was found. This indicates that under those conditions reactions (15) - (20) The hydroxymethoxyl radical formed in reaction (19) is expected to rearrange rapidly (cf. reaction (11)). The resulting dihydroxymethyl radical adds oxygen and eliminates H 0 2 (k > 106 s_1) to give formic acid [26] .
Routes to m ethylhydroperoxide
It is commonly assumed (cf. Ref. [6] ) that in the radiolysis of oxygenated aqueous solutions of organic compounds the organic hydroperoxide is formed in the reaction of the organic peroxyl radical with H 0 2'/ 0 2T (cf. reaction (21))
One of the sources of the required H 0 2/ 0 2~ is the radiolytically formed H atom (reaction (6)). In the present system further H 0 2 / 0 T radicals are expected from reactions (13) and (14). Despite the low rate of reaction (13) and the low [OH-] at pH ~ 5.5 that prevails under the present irradiation conditions, the H 0 2/ 0 2~ elimination competes on comparable terms with the bimolecular decay of the peroxyl radicals at the dose rate used for these experiments (2 k(peroxyl radicals) ~ 109 M_1s_1 [18, 27] ). It has also been pro posed [28] (see however Ref. [29] ) that primary peroxyl radicals react as indicated for the methyl peroxyl radical in reaction (22), whereby the hy droperoxide (reaction (22)) and the readily hydrolysable (reaction (23) (24)) [32] .
To distinguish between these two possible proces ses (reaction (2 1 ) vs. reaction (22)) some experi ments using superoxide dismutase (SOD) which eliminates 0 2T by disproportionating it into hydro gen peroxide and oxygen have been done. SOD does not react, however, with alkylperoxyl radicals. In a solution buffered at pH 8 with 10-3 M phosphate containing SOD (5 mg I-1) the methylhydroperoxide yield was reduced to 1/6 of its value in the absence of SOD. Concomitantly the loss of methylhydroperox ide was balanced by an increase in hydrogen perox ide, as well as to a large extent, by formaldehyde. This is an indication that methylhydroperoxide is largely formed according to reaction (21). In com petition with reaction (2 1 ) the self-termination of H 0 2 / 0 2" radicals will occur (reaction (25)).
2 HO, / ( 0 2~ + H +) -* H20 2 (25) At first sight, the yield of H 20 2 observed in the present study seems very high. But this fact can be rationalized. Besides H20 2 from reactions (10), (20) and (25) there is always some H 20 2 from spur reac tions (cf. reaction (1)). This value normally is as sumed to be 0.7, but on saturation with N20 at at mospheric pressure G(H20 2) increases to at least 0.85 [33] . Increasing the N20 saturation pressure leads to further spur production of OH radicals [34] and hence one expects that this value must exceed 0.85 under our experimental conditions.
Quantitative aspects
Despite the complexities outlined above some quantitative conclusions might be drawn. One may infer from G(methanol) = 1.5 that ca. 56% of the methylperoxyl radicals follow reaction (7) (Russell mechanism) or its free radical equivalent, the cage disproportionation of two methoxyl radicals which are formed in reaction (8). Reaction (9), the cage combination of two methoxyl radicals is a very minor process (~ 4%). A larger percentage of the methoxyl radicals will escape the cage and rearrange (reaction (11)). G(formic acid) = 0.3 provides a low er limit, but because of reactions (13) and (14) and termination reactions such as (16) and (17) one would suspect that the yield of free methoxyl radicals (reaction (8)) is considerably higher than G = 0.3 (6%). Methylperoxyl radicals that end up as methyl hydroperoxide (G = 0.8) amount to ca. 15%. That leaves for reaction (10) at the most 19%, a value that could be lower due to a possibly higher contribution of reaction (8).
It should, however, be noted that the values given above should not be taken literally but rather present a likely picture. The error margins of product deter minations have always to be considered. They can deviate into different directions, especially in cases where different determination techniques have to be employed for different products, as in the present study. Except for dimethyl peroxide which is a minor product there is no other product that can be formed unambigously by one single route. Furthermore, pulse radiolysis studies that have been very helpful in elucidating mechanistic details of peroxyl radical chemistry [12, 18, 20, 25 -27, 32] M) were irradi ated at a dose rate of 0.3 G y s -1 (obtained by Fricke-dosimetry). In most cases, doses were be tween 90 and 530 Gy; the highest dose received was 2100 Gy.
The samples were prepared as follows. A glass ves sel capable of holding 100 ml of liquid and equipped with a teflon-coated magnetic stirring bar was placed in a stainless steel autoclave with a total capacity of -150 ml, and charged with 100 ml of triply distilled water (pH 5.6 ). The open autoclave with its charge was then placed in an icebath, and N20 / 0 2 mixture (4:1) bubbled through for 30 min. Then the auto clave was closed and further loaded with N20 / 0 2 at 4 bar for 1 h, under ice cooling and stirring. Subse quently the methane was pressed in up to a partial pressure of 50 bar. The fully charged autoclave was left overnight and the solution stirred to ensure sat uration. The pH of these solutions was about 6 (be fore irradiation). Some experiments were also car ried out with solutions buffered to pH 8 with 1 x 10~3 M phosphate buffer, with as well as without superoxide dismutase (bovine blood, Sigma) (con centration 5 /ug/mX).
The combustible gas mixture present in the head space of the autoclave did not represent a safety risk, considering the radiation intensities to be used (cf. [35, 36] ).
After irradiation the valve of the autoclave was opened slightly to allow the solution to decompress without frothing. The solution was then removed and the products determined. Formaldehyde was meas ured spectrophotometrically, using the acetylacetone/ammonium acetate method [37] , Total hy droperoxide (H20 2 + CH3OOH) was measured spec trophotometrically using the iodide method [38] , em ploying a molar extinction coefficient of e (350 nm) = 2.5 x 104 M-1cm-1 for the triiodide. The methylhydroperoxide was measured in the same way after destruction of the hydrogen peroxide by catalase (Boehringer Mannheim) (concentration 0.8 jug/ ml). This catalase concentration sufficed to destroy essentially all the H20 2 within a contact time of 5 min. after which the reading remained practically unchanged for a couple of hours. (A very slight activ ity of catalase toward methylhydroperoxide was nevertheless observed, such that after a day's stand ing the reading decreased to about half is initial val ue). The H20 2 yield is represented by the difference between hydroperoxide total and CH?OOH. The acid formed was determined by ion chromatography (Dionex; model 2000i) as well as from the pH of the irradiated unbuffered solutions. Methanol and dimethylperoxide were determined by gas chromato graphy. with the assumption that the molar GC response for dimethylperoxide is twice that of methanol. The column used was a carbowax 400-coated glass capillary, 143 m long, operated at 70 °C, with hydrogen as the carrier gas. Authentic di methylperoxide was synthesized from dimethyl sul fate and hydrogen peroxide [39] , Dilute dimethyl peroxide is comparatively stable, and does not react under the conditions of the hydroperoxide determi nation employed here [39, 40] .
